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Abstract
Anthropogenic inputs of biologically available nitrogen (N) and climate change are simultaneously
altering N and soil moisture availability in terrestrial ecosystems. Yet, plant responses to concurrent
changes in both N and soil moisture in non-grassland ecosystems remain poorly understood. Our
objective was to investigate how rooting depth and N-ﬁxing ability—two functional traits we expected
to mediate soil moisture and N limitations—inﬂuence forb responses to N and soil moisture availability
in the Rocky Mountains USA. We assessed the growth and physiological responses (i.e., chlorophyll
ﬂuorescence, transpiration rate, and ﬂoral display) of four subalpine forb species to N additions across a
naturally-occurring soil moisture gradient during one growing season. Soil moisture had a stronger
positive effect on growth in shallow-rooted species and N additions had a stronger positive effect on
photosynthetic capacity in species without N-ﬁxing abilities. Transpiration rates were not consistent with
soil moisture limitations expected for shallow-rooted species, and soil moisture and N had a neutral or
negative inﬂuence on maximum ﬂoral displays across species. Nitrogen and soil moisture appeared to
each limit separate response variables in some cases and we did not observe any N 9 soil moisture
interactions. These ﬁndings suggest that shallow-rooted species may be more vulnerable to increased
drought severity and that increased N availability may disproportion-ately beneﬁt species without Nﬁxing abilities. However, mixed support for our hypotheses suggests that environmental conditions and
functional traits not evaluated here likely inﬂuence subalpine plant responses to soil moisture and N
availability.

Introduction
In terrestrial ecosystems, biologically available nitrogen (N) is increasing (e.g., Fowler et al. 2013).
Simultaneously, climate change is affecting soil
moisture availability by altering precipitation patterns
and snowpack dynamics (Dai 2013; Stewart 2009;
IPCC 2014). The concentrations of these key limiting
resources can strongly influence plant abundances and
plant community composition (e.g., Knapp et al. 2002;
Bobbink et al. 2010; Smith et al. 2015). Thus,
understanding plant responses to changes in N and
soil moisture availability is a central goal in plant
ecology (Vitousek 1997; Chapin et al. 2000; Hooper
et al. 2005; Pecl et al. 2017).
Plant responses to changing N and soil moisture
concentrations will likely be determined by competition for limiting resources, which will be mediated by
resource limitations that reflect tradeoffs in functional
traits (Lavorel and Garnier 2002; Grime 2006;
Dybzinski and Tilman 2007). For example, shallowrooted plant species may be poor competitors for soil
moisture, but may allocate resources to other functions, conferring an advantage when soil moisture is
adequate (Ho et al. 2005). In addition, species with
N-fixing abilities may have a competitive advantage in
N-limited systems (Shantz et al. 2016), but may lose
this competitive edge and decline in abundance as N
availability increases (Suding et al. 2005; Skogen et al.
2011). Investigating the influence of functional traits
on outcomes in competition for N and soil moisture
can inform our understanding of how plant abundances and community composition will respond to
changing concentrations of these limiting resources
(Zavaleta et al. 2003; Parmesan and Hanley 2015; Wei
et al. 2017).
The effects of anthropogenic N deposition and
altered soil moisture availability on plant communities
may be particularly pronounced in temperate montane
systems (Harte and Shaw 1995), where increasing N
levels (Williams et al. 1996; Bowman et al. 2006) and
increased summer drought severity are expected
(Harte et al. 1995; Mote 2006; Inouye 2008). However, the majority of studies investigating plant
responses to changing N and soil moisture have
focused on grassland systems (e.g., Foster and Gross
1998; Knapp et al. 2002; Stevens et al. 2004; Clark and
Tilman 2008; Dickson et al. 2014, Hoover et al. 2017).
Moreover, most of these studies have isolated the

effects of either N or soil moisture. Yet, plant
responses to simultaneous changes in multiple
resources can be complex (e.g., De Valpine and Harte
2001; Dukes et al. 2005; Harpole et al. 2007; Reich
et al. 2014; Vourlitis 2017; Yue et al. 2017) and
conclusions about plant responses based on singleresource manipulations may be misleading (Sala et al.
2000; Cleland and Harpole 2010).
Here, we conducted field manipulations of N across
a natural soil moisture gradient in the Rocky Mountains, USA during one growing season in 2009 and
recorded growth and physiological responses (i.e.,
photosynthetic capacity, transpiration rate, and maximum floral display) of four subalpine forb species.
We assessed growth and physiological responses to
evaluate multiple mechanisms by which forbs may
respond to different levels of N and soil moisture.
Focal forb species had different rooting depths (i.e.,
short fibrous roots vs. deeper tap-roots) and represented either N-fixing legume species or non-legume
species lacking N-fixing abilities (i.e., four species,
one of each combination of phenotypes). Our objective was to evaluate the influence of rooting depth and
N-fixing ability—two functional traits we expected to
mediate soil moisture and N limitations—on subalpine
forb responses to N and soil moisture availability. Our
design allowed a comparison of how short-term
growth and physiological responses to N are mediated
by long-term exposure to varying soil moisture
concentrations among forb species with contrasting
functional traits.
We expected shallow-rooted species to be more
water-limited compared to deeper-rooted species
(Fitter et al. 1991; Lynch 1995). Thus, we predicted
increased growth, transpiration rates, and floral displays for shallow-rooted species as soil moisture
increased. For deeper-rooted species, we expected that
growth, transpiration rates, and floral displays would
not respond, or decrease as soil moisture increased due
to reduced competitive ability when soil moisture is
abundant (Gardner 1960; Ho et al. 2005; Jacobs et al.
2009). We expected greater N limitation in nonlegume forbs compared to legumes. For non-legumes,
we predicted N additions would increase growth,
photosynthetic capacity, and floral display (Burkle &
Irwin 2009, 2010), while we expected legumes not to
respond to N additions, or to respond negatively as a
result of decreased competitive ability (Suding et al.
2005; Skogen et al. 2011). Finally, we expected an

interaction between N and soil moisture in shallowrooted species lacking N-fixing abilities, such that
enhanced growth and physiological function would be
greatest in individuals receiving N under high soil
moisture conditions (Harpole et al. 2007). Evaluating
how functional traits influence growth and physiological responses to soil moisture and N availability
allowed us to speculate about which plant functional
groups may experience negative consequences from
anthropogenic N deposition and increased drought
severity, and which species may benefit.

Methods
Focal forb species
We selected four forb species for this study: Heliomeris multiflora (showy goldeneye), Erigeron
speciosus (showy fleabane), Lathyrus leucanthus
(Rocky Mountain sweetpea), and Lupinus spp.
(lupine). Lupinus individuals were not identified to
species and were grouped at the genus level because
hybridization results in individuals that lack diagnostic characteristics (Cronquist et al. 1972). Lupinus
hybrids likely represented two or three species of
Lupinus with similar functional traits. We selected
these four forb species because they are native to
Colorado, are all commonly found in subalpine
habitats, have either short fibrous roots or deeper
tap-roots, and represent either N-fixing species or
species that do not fix N. Heliomeris multiflora and
Lupinus spp. have deeper rooting depths compared to
E. speciosus and L. leucanthus, and L. leucanthus and
Lupinus spp. are legumes with N-fixing abilities, while
H. multiflora and E. speciosus lack N-fixing abilities.
Study site
This study was conducted in 2009 between 16 June
and 3 August in a relatively treeless subalpine meadow
(hereafter
Bellview
Bench)
(39°000 20.5800 N,
0
00
107°01 50.70 W) at 3150 meters of elevation, approximately 6.5 km north-west of the Rocky Mountain
Biological Lab (RMBL) in Gothic, CO USA. A low
rate of N deposition near the RMBL (ca.
2 kg N ha-1 year-1; CASTNET 2013) provided an
opportunity to explore the effects of N additions on
plants likely experiencing N limitation. Bellview

Bench has a naturally-occurring soil moisture gradient
with wetter soils near a seasonal stream, and decreasing soil moisture further from the stream and above a
large rock outcrop. The aspect at Bellview Bench is
south-east with a slope of ca. 15–20°.
Experimental design
On 16 June, 2009, we used a Campbell Scientific
CS658 HydroSense II digital water content sensor
with dual 20 cm sensor rods to measure volumetric
soil water content at Bellview Bench. By haphazardly
placing the probe at 160 locations throughout the
meadow, we identified a soil moisture gradient
ranging between 7 and 45% water. This initial soil
moisture survey was conducted during the morning
several weeks after snowmelt and following several
days without precipitation. While measuring soil
moisture at 20 cm may not extend to the rooting
depths of all plant individuals in this study (e.g., some
Lupinus argenteus may extend roots deeper than
20 cm; USDA Plant Database, http://www.plants.
usda.gov/), previous work showed that differences in
soil moisture up to 25 cm were generally relative to
soil moisture near the surface (Harte et al. 1995). Thus,
we assume that the soil moisture gradient we measured
at Bellview Bench was maintained past 20 cm and that
individuals with roots deeper than 20 cm were experiencing a soil moisture gradient relative to our
measurements.
Forty plants of each species were haphazardly
selected across the soil moisture gradient at Bellview
Bench for growth and physiological function measurements (see Data Collection below), totaling 160
individual plants. Ten plants of each species were
randomly assigned to either N-addition treatments or
control treatments receiving no additional N. We
measured soil moisture at each plant two times during
the study, 19 June and 15 July. We estimated soil
moisture availability at each plant over the course of
the growing season by taking the mean of these
measurements. There was no statistical difference in
soil moisture availability between N-addition plants
and control plants (Online Resource 1).
N-additions were applied every 7–10 days for
4 weeks (i.e., four additions) starting 28 June by
applying ammonium nitrate (NH4NO3) mixed with
250 mL of water to a 0.5 9 0.5 m area surrounding
each N-addition plant. We added 2.25 g N m-2

during each N addition for a total of 9 g N m-2 over
the duration of the study. Applying this amount of N
ensured that our treatments represented a high level of
N input (Bowman et al. 2006), and is comparable to
concentrations of N added by other studies in this
system (Burkle & Irwin 2009; De Valpine & Harte
2001). This level of supplemental N likely eliminated
N limitation at each N-addition plant. Plants at
Bellview Bench were naturally spaced such that
treatments were assumed not to affect neighboring
plants and no additional effort was made (e.g.,
removing or clipping neighboring plants) to prevent
treatment effects on neighboring plants. We did not
add 250 mL of water to the control plants during N
additions because this amount is equivalent to 1 mm
of precipitation and was considered negligible. Low
ambient humidity and frequent rainfall events totaling
ca. 76 mm of precipitation between 1 June and 3
August during 2009 (NOAA, https://www.ncdc.noaa.
gov/) indicate that N treatments had little to no effect
on soil moisture availability.
Data collection
We recorded plant growth and measures of physiological function in response to N additions across a soil
moisture gradient and viewed positive responses to N
and soil moisture as indicative of release from
resource limitation.
Growth was measured by quantifying plant size for
each individual four times over the course of the 2009
growing season. Measurements used to calculate plant
size were conducted seven to 10 days following each
N treatment between 28 June and 3 August. For H.
multiflora, E. speciosus, and Lupinus spp., plant size
was calculated by multiplying the number of stems by
the average stem height in cm (measured from the
ground to the tip) for each individual. Lathyrus
leucanthus individuals always have a single stem, and
plant size was calculated by multiplying the number of
leaves by stem height. For the species with multiple
stems, average stem height was calculated by
averaging three stem measurements representing a
short, medium, and tall stem for that individual. To
control for differences in initial plant sizes among
individual plants of the same species, percent growth
was calculated on each measurement date by dividing
plant size by the size calculated for that individual on
28 June (i.e., prior to the start of N treatments).

Chlorophyll fluorescence is significantly correlated
with total energy yield from CO2 fixation during
photosynthesis (Leverenz and Öquist 1987; Genty
et al. 1989) and has become a standard method for
assessing photosynthetic capacity in plant leaves
(Baker 2008). Given that N can limit photosynthetic
rates, photosynthetic capacity may reflect N availability and species-specific N limitations (Ball et al. 1995;
Van der tol et al. 2014). Chlorophyll fluorescence was
measured on 2 July and again on 24 July with a OptiScience OS1-FL pulse modulated chlorophyll fluorometer that quantified the ratio of variable fluorescence to maximal fluorescence (Fv/Fm) in units of
lmol photons m-2s-1. Decreasing ratios of Fv/Fm
indicate reduced photosynthetic capacity.
Transpiration rate is the measure of water vapor
loss through open stomata of leaves (Farquhar and
Sharkey 1982) and may indicate leaf water concentrations as leaves adjust stomatal openings to regulate
water loss (Chaves et al. 2002; Obidiegwu et al. 2015).
Transpiration rates can reflect soil moisture availability (Granier et al. 2000; Tuzet et al. 2003) and speciesspecific soil moisture limitations (Bond and Kavanagh
1999; Sack and Holbrook 2006). Transpiration rates
were measured on 8 July and again on 24 July using a
Decagon Devices SC-1 leaf porometer that recorded
the water vapor flux out of stomata in mmol m-2s-1.
Maximum floral display was quantified by counting
open flowers on each individual plant on three dates in
July, each separated by 7 days. The largest number of
open flowers out of the three measurements was used
as maximum floral display. Given that total flower
production correlates with maximum floral display in
subalpine forbs (Inouye et al. 2002), this method
reasonably estimates overall flower production of each
plant in our study.
Statistical analyses
All analyses were conducted using R statistical
software version 3.4.3 (R core team 2017) and
following Zuur et al. (2009). Growth and physiological responses were analyzed individually for each
species by fitting separate models to percent growth,
chlorophyll fluorescence, transpiration rate, and maximum floral display as individual response variables.
A covariance matrix of all response variables suggested that our response variables were not collinear
and that fitting separate models to each response

variable was appropriate (Online Resource 2). Linear
mixed effects models were fitted to growth, chlorophyll fluorescence, and transpiration rate using the
‘lme’ function in the ‘nlme’ package (Pinheiro et al.
2013; R core team 2017). This approach accounts for a
violation of independence due to repeated measures on
the same plant individuals and heterogeneity in the
variances of the residuals. To account for overdispersion in floral display counts for E. speciosus, H.
multiflora, and Lupinus spp., we fit negative binomial
generalized linear models with a log link using the
‘glm.nb’ function in the ‘MASS’ package (Venables
and Ripley 2002). Floral display counts for L.
leucanthus were Poisson-distributed without overdispersion and were analyzed by fitting a Poissondistributed generalized linear model with a log link
using the ‘glm’ function (R core team 2017).
For all models, N treatment (N-addition vs. control)
was included as a categorical explanatory variable and
mean soil moisture was included as a continuous
explanatory variable. Models fitted to percent growth
included measurement date as a continuous explanatory variable. Models fitted to chlorophyll fluorescence and transpiration rate included measurement
date as a categorical explanatory variable with two
levels (i.e., two measurement dates), except for H.
multiflora transpiration rate, which was only analyzed
for 8 July due to data loss for 24 July. Measurement
time of day or the ambient air temperature at each
measurement was included as covariates in all
chlorophyll fluorescence and transpiration models,
respectively. Models fitted to maximum floral display
included only soil moisture and N treatment, with
plant size as a covariate. All models included all
possible two- and three-way interactions among soil
moisture, N treatment, and measurement date. We
included two-way interactions between soil moisture
and N treatment to assess evidence of co-limitation by
soil moisture and N. Two-way interactions with
measurement date were included to assess whether
the effect of soil moisture or N treatment depended on
date. Three-way interactions of soil moisture, N, and
measurement date were included to assess whether
responses to soil moisture across measurement dates
differed by N treatment. All models, excluding models
fitted to floral display, included plant individual as a
random intercept to account for repeated measures on
the same plant individuals. Models fitted to H.
multiflora and Lupinus spp. percent growth included

random slopes for plant individuals across time. When
determined to be appropriate following visual inspection of the residuals, models included the ‘varIdent’
variance structure for N treatment (i.e., categorical
variable) and the ‘varFixed’ variance structure for
each continuous variable (i.e., mean moisture, measurement date, time, temperature, and plant size). The
‘varIdent’ structure allows N-addition plants and
control plants to have different variances and the
‘varFixed’ structure ensures a variance that is proportional to the values of a continuous explanatory
variable when the spread of the residuals increases
with the values of the explanatory variable. To account
for potential temporal autocorrelation in growth
measurements over the growing season, we included
the corCAR1 correlation structure, which accounts for
a violation of independence among growth measurements occurring in proximity through time.
To determine the relative influence of soil moisture,
N treatment, and their interactions on each response
variable, we interpreted significance levels from each
full model and reported these results in ANOVA
tables. Effect sizes reported in the Results section were
obtained by post hoc analyses using the lsmeans
function in the lsmeans package (Lenth and Hervac
2015). All figures were produced using the ggplot
function in the ggplot2 package (Wickham 2009).

Results
Erigeron speciosus (shallow roots; non N-fixing)
Soil moisture influenced E. speciosus percent growth
(Table 1; Fig. 1a), with percent growth increasing by
1.3% per each 1% increase in soil moisture concentration (95% CI 0.3–2.3%; Table 2). Marginal evidence suggested that N treatment influenced E.
speciosus percent growth (Table 1; Fig. 1a), with N
additions increasing growth by 14.0% compared to
control plants (t1,33 = 1.84, p = 0.074; Table 2).
There were no significant interactions among soil
moisture, N treatment, and measurement date on E.
speciosus percent growth (Table 1).
After accounting for measurement time, we
observed a marginally significant interaction between
soil moisture and measurement date on E. speciosus
chlorophyll fluorescence (Table 1; Fig. 1b). On 2 July,
Fv/Fm increased by 0.001 lmol photons m-2s-1 per

Table 1 ANOVA tables of the linear mixed effects models and generalized linear models of each response variable by species

percent
growth
E. speciosus
measurement date
soil moisture
N treatment
plant size
measurement time
temperature
date x N
date x soil moisture
soil moisture x N
date x moisture x N

chlorophyll
fluorescence

transpiration
rate

floral
display

df

F

P

df

F

P

df

F

P

Res.df Dev. Res.Dev P

1,106
1,33
1,33
1,106
1,106
1,109
1,106

95.93
7.18
3.42
0.00
0.31
0.07
1.35

<0.001
0.011
0.074
0.952
0.581
0.794
0.247

1,26
1,33
1,33
1,26
1,26
1,26
1,33
1,26

171.6
1.33
18.1
0.47
0.01
4.19
0.11
0.31

<0.001
0.257
<0.001
0.498
0.943
0.051
0.748
0.585

1,16
1,32
1,32
1,16
1,16
1,16
1,32
1,16

63.43
0.49
0.83
8.22
3.00
4.51
0.16
1.06

<0.001
0.488
0.370
0.011
0.102
0.050
0.697
0.319

1,35
1,34
1,33
1,32
-

4.27
1.93
6.09
2.77
-

56.18
54.25
48.17
45.40
-

0.039
0.165
0.014
0.096
-

1,101
1,32
1,32
1,101
1,101
1,32

61.22
1.20
0.07
0.09
2.21
0.94

<0.001
0.281
0.792
0.765
0.140
0.340

1,20
1,33
1,33
1,20
1,20
1,20
1,33

6.29
1.46
3.68
2.99
0.00
2.21
1.22

0.021
0.235
0.064
0.099
0.947
0.152
0.278

NA*
1,33
1,33
1,33
NA*
NA*
1,33

NA*
0.51
0.10
5.64
NA*
NA*
0.06

NA*
0.479
0.751
0.024
NA*
NA*
0.807

1,33
1,32
1,31
1,30

8.02
0.48
4.43
4.55

50.49
50.01
45.58
41.03

<0.001
0.489
0.035
0.033

-

-

H. multiflora
measurement date*
soil moisture
N treatment
plant size
measurement time
temperature
date x N
date x soil moisture
soil moisture x N

date x moisture x N 1,101 0.24 0.626

1,20 0.11 0.740

NA* NA* NA*

-

-

L. leucanthus
measurement date
soil moisture
N treatment
plant size
measurement time
temperature
date x N
date x soil moisture
N x soil moisture
date x moisture x N

1,42
1,19
1,19
1,42
1,42
1,19
1,42

0.67
3.83
1.32
0.64
0.10
1.76
0.24

0.418
0.065
0.265
0.430
0.757
0.200
0.627

1,10
1,31
1,31
1,10
1,10
1,10
1,31
1,10

42.41
0.02
8.07
3.04
8.52
1.08
0.01
0.15

<0.001
0.887
0.008
0.112
0.015
0.324
0.919
0.710

1,19
1,29
1,29
1,19
1,19
1,19
1,29
1,19

7.52
0.04
0.21
0.03
0.08
0.63
0.44
0.54

0.013
0.844
0.651
0.855
0.782
0.436
0.510
0.472

1,25
1,24
1,23
1,22
-

9.97
2.87
11.79
0.10
-

34.84
31.96
20.17
20.07
-

0.002
0.090
<0.001
0.751
-

1,101
1,31
1,31
1,101
1,101
1,31
1,101

94.18
1.48
0.52
0.66
0.00
0.32
0.12

<0.001
0.232
0.477
0.420
0.955
0.578
0.733

1,26
1,32
1,32
1,26
1,26
1,26
1,32
1,26

33.37
2.51
0.10
0.56
0.14
0.38
0.78
1.45

<0.001
0.123
0.754
0.459
0.715
0.544
0.384
0.239

1,26
1,32
1,32
1,26
1,26
1,26
1,32
1,26

48.93
2.38
0.05
9.73
1.42
0.28
0.97
1.09

<0.001
0.133
0.822
0.004
0.244
0.603
0.331
0.306

1,34
1,33
1,32
1,31
-

3.81
2.67
39.18
0.66
-

80.96
78.29
39.11
38.45
-

0.051
0.102
<0.001
0.418
-

Lupinus spp.
measurement date
soil moisture
N treatment
plant size
measurement time
temperature
date x N
date x soil moisture
soil moisture x N
date x moisture x N

P-values significant at a \ 0.050 are shown in bold
Dashes indicate explanatory variables that were not included in that model
NA* indicates H. multiflora transpiration data lost for 24 July
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Fig. 1 Erigeron speciosus. Least squares means and 95%
confidence bands for N-addition (solid lines) and control plants
(dashed lines) across soil moisture for a percent growth,
b chlorophyll fluorescence, c transpiration rate, and d maximum

floral display. Observed data for N-addition (filled circles) and
control plants (open circles) are averaged across measurement
dates in growth figures

each 1% increase in soil moisture concentration (95%
CI 0.0003–0.0025 lmol photons m-2s-1 increase;
Table 2), while the change in Fv/Fm across soil
moisture on 24 July was not different from zero
(95% CI - 0.0009 to 0.0009 lmol photons m-2s-1;
Table 2). N treatment influenced E. speciosus chlorophyll fluorescence (Table 1; Fig. 1b), with N additions
increasing Fv/Fm by 0.021 lmol photons m-2s-1
compared to control plants (t1,27 = 4.34, p \ 0.001;
Table 2). There was no significant interaction between
soil moisture and N treatment or N treatment and
measurement date, and no significant three-way
interaction of soil moisture, N treatment, and measurement date on E. speciosus chlorophyll fluorescence (Table 1).

After accounting for temperature, we observed a
marginally significant interaction between soil moisture and measurement date on E. speciosus transpiration rate (Table 1; Fig. 1c). On 24 July, transpiration
rate decreased by 3.279 mmol H2O m-2s-1 per each
1% increase in soil moisture concentration (95% CI
0.81–5.73 mmol H2O m-2s-1 decrease; Table 2),
while the change in transpiration rate across soil
moisture on 8 July was not different from zero (95%
CI - 2.307 to 2.138 mmol H2O m-2s-1; Table 2).
There was no effect of N treatment, no significant
interaction between soil moisture and N treatment or N
treatment and measurement date, and no significant
three-way interaction of soil moisture, N treatment,
and measurement date on E. speciosus transpiration
rate (Table 1).

Table 2 Effect size coefficients generated by post hoc analyses of each response variable across species

Percent
growth

soil moisture
N treatment
moisture x N

Chlorophyll
fluorescence

E.
H.
spec. mult.
0.013
**
0.140
*
-

Transpiration
rate

L.
leuc.
-

Lup.
spp.
-

E.
H.
spec. mult.
-

L.
leuc.
-

Lup.
spp.
-

-

-

-

-

-

-

-

-

-

-

0.021 0.014
***
*
-

-

-

-

-

-

-

0.001
**
-

-

-

-3.190 NA
**
- NA

-

moisture x date

-

-

-

-

N x date

-

-

-

-

-

0.036
***

-

E.
spec.
-

Floral
display

H.
L.
mult. leuc.
-

Lup.
spp.
-

E.
spec.
-

H.
L.
mult. leuc.
- -0.140
**
-

Lup.
spp.
-0.019
*
-

-

-0.056 0.081
*
**
NA
NA
NA

NA

-

NA

NA

NA

NA

-

Coefficients indicate the following effects: ‘‘soil moisture’’—the change per each 1% increase in soil moisture concentration (i.e.,
moisture slope); ‘‘N treatment’’—N-addition minus control plants; ‘‘moisture 9 N’’—moisture slope for N-addition minus moisture
slope for control plants; ‘‘moisture 9 date’’—the moisture slope on the earlier measurement date minus the moisture slope on the later
measurement date; ‘‘N 9 date’’—the difference between N-addition minus control plants on the earlier measurement date compared
to the later measurement date
Dash marks represent effects not significant at the 0.100 level and NA denote parameters not included in that model. Shaded cells
corresponding to soil moisture, N, and soil moisture 9 N interactions indicate responses that support the stated hypothesis for that
species and response. Open cells indicate responses that oppose the stated hypothesis, except for interactions with date, where a priori
hypotheses were not made
Asterisks denote the significance of each effect size
*Significance at p = 0.050–0.0100
**Significance at p = 0.001–0.049
***Significance at p \ 0.001

After accounting for plant size, we observed a
marginally significant interaction between soil moisture and N treatment on E. speciosus maximum floral
display (Table 1; Fig. 1d). N additions decreased
floral display by 5.3% per each 1% increase in soil
moisture (95% CI 0.8–10.0% decrease; Table 2),
while the change in floral display across soil moisture
for control plants was not different from zero (95% CI
- 4.2 to 4.6%; Table 2).
Heliomeris multiflora (deeper roots; non N-fixing)
There was no effect of soil moisture or N treatment,
and no significant interactions among soil moisture, N
treatment, and measurement date on H. multiflora
percent growth (Table 1; Fig. 2a).
After accounting for measurement time, soil moisture did not influence H. multiflora chlorophyll
fluorescence (Table 1; Fig. 2b). Marginal evidence
suggested that N treatment influenced H. multiflora
chlorophyll fluorescence (Table 1; Fig. 2b), with N

additions increasing Fv/Fm by 0.014 lmol photons
m-2s-1 compared to control plants (t1,21 = 1.96,
p = 0.064; Table 2). There were no significant interactions among soil moisture, N, and measurement date
on H. multiflora chlorophyll fluorescence (Table 1).
After accounting for temperature, there was no
effect of soil moisture or N treatment, and no
interactions among soil moisture, N, and measurement
date on H. multiflora transpiration rate (Table 1;
Fig. 2c).
After accounting for plant size, there was a
significant interaction between soil moisture and N
treatment on H. multiflora maximum floral display
(Table 1; Fig. 2d). Floral display of control plants
decreased by 7.0% per each 1% increase in soil
moisture (95% CI 0.9–14.0% decrease; Table 2),
while the change in floral display across soil moisture
for plants receiving N additions was not different from
zero (95% CI - 5.0 to 7.2%; Table 2).
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Lathyrus leucanthus (shallow roots; N-fixing)
There was marginal evidence that soil moisture
influenced L. leucanthus percent growth (Table 1;
Fig. 3a). However, post hoc analyses suggested that
the slope of growth across soil moisture was not
different from zero (95% CI - 0.9 to 5.6%; Table 2).
There was no effect of N treatment, and no significant
interactions among soil moisture, N treatment, and
measurement date on L. leucanthus percent growth
(Table 1).
After accounting for measurement time, there was
no effect of soil moisture on L. leucanthus chlorophyll
fluorescence (Table 1; Fig. 3b). We observed a significant interaction between N treatment and measurement date on L. leucanthus chlorophyll
fluorescence (Table 1; Fig. 3b). On 2 July, N additions
increased Fv/Fm by 0.036 lmol photons m-2s-1
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30

floral display. Observed data for N-addition (filled circles) and
control plants (open circles) are averaged across measurement
dates in growth figures

compared to control plants (t1,31 = 4.01, p \ 0.001;
Table 2), while N treatment did not affect chlorophyll
fluorescence on 24 July (p = 0.978; Table 2). There
was no significant interaction between soil moisture
and N treatment or soil moisture and measurement
date, and no significant three-way interaction of soil
moisture, N treatment, and measurement date on L.
leucanthus chlorophyll fluorescence (Table 1).
After accounting for temperature, there was no
effect of soil moisture or N treatment, and no
significant interactions among soil moisture, N treatment, and measurement date on L. leucanthus transpiration rate (Table 1; Fig. 3c).
After accounting for plant size, soil moisture
influenced L. leucanthus maximum floral display
(Table 1; Fig. 3d), with a 14.0% decrease in floral
display per each 1% increase in soil moisture concentration (95% CI 2.0–25.0% decrease; Table 2). There
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was no significant interaction between soil moisture
and N treatment on L. leucanthus maximum floral
display (Table 1).

1.9–3.6% decrease; Table 2). There was no effect of
N treatment and no significant interaction between soil
moisture and N treatment on Lupinus spp. maximum
floral display (Table 1; Fig. 4d).

Lupinus spp. (deeper roots; N-fixing)
There was no effect of soil moisture or N treatment,
and no significant interactions among soil moisture, N
treatment, and measurement date on Lupinus spp.
percent growth, chlorophyll fluorescence, or transpiration rate (Table 1; Fig. 4a–c).
After accounting for plant size, we observed
marginal evidence that soil moisture influenced Lupinus spp. maximum floral display (Table 1; Fig. 4d),
with floral display decreasing by 1.9% per each 1%
increase in soil moisture concentration (95% CI

Discussion
In this study, we investigated the growth and physiological responses of four subalpine forb species to N
additions across a naturally-occurring soil moisture
gradient in Colorado. Focal forb species differed in
their rooting depths and N-fixing abilities, two functional traits that we expected to influence their soil
moisture and N limitations. Our objective was to
assess how these functional traits mediated responses
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to soil moisture and N availability. In addition, we
used our results to speculate about how rooting depths
and N-fixing abilities may influence patterns of
subalpine forb responses to anthropogenic changes
in soil moisture and N concentrations. We expected
positive responses to increased soil moisture by
shallow-rooted species and we expected neutral or
negative response to soil moisture by deeper-rooted
species. Additionally, we expected positive responses
to N additions by non-legume species and we expected
neutral or negative response to N by legumes. The
majority of our results were consistent with our
expectations that plant responses to soil moisture and
N availability would be influenced by resource
limitations that reflect functional traits (De Valpine
and Harte 2001). In some cases, soil moisture and N
appeared to limit separate biological functions,

highlighting the importance of assessing the effects
of multiple resources on multiple plant functions.
However, mixed support for our hypotheses suggests
that environmental conditions and functional traits not
evaluated in this study may also influence outcomes of
resource competition for soil moisture and N in
subalpine systems (Suding et al. 2005).
Growth responses to soil moisture were consistent
with our expectations in three out of four species.
Neither H. multiflora nor Lupinus spp. (both deeprooted) responded to soil moisture availability, while
E. speciosus (shallow-rooted) grew larger as soil
moisture increased. These findings support the common use of rooting depths to characterize drought
susceptibility in plant species and highlight the role of
soil moisture availability in structuring plant communities (Schenk and Jackson 2002). In the one

exception, L. leucanthus (shallow-rooted) trended
toward growing larger as soil moisture increased in
control plants, but this trend was not statistically
different from zero. The small stature of L. leucanthus
may make this species a poor competitor for light,
which could limit growth regardless of soil moisture
availability (Tilman 1987). Although we did not
observe a positive relationship between soil moisture
and growth as predicted for the deeper-rooted species,
we expected functional tradeoffs to reduce their
competitive ability when soil moisture was abundant,
resulting in reduced growth. The fact that we did not
observe a negative relationship between growth and
soil moisture in the deeper-rooted species suggests
that mechanisms other than competition (e.g., facilitation) may influence plant community composition
when resources are abundant (Callaway and Walker
1997). Taken together, the observed effects of soil
moisture on growth suggest shallow-rooted species
may be more vulnerable to increased drought stress
compared to deeper-rooted species (Harte and Shaw
1995).
N additions did not affect growth in any species in
this study. This was expected for legumes and suggests
that legume growth is not limited by N (Suding et al.
2005; Skogen et al. 2011). For non-legumes, this was
surprising given a preponderance of evidence suggesting that N commonly limits plant growth in
temperature systems (e.g., Vitousek and Howarth
1991; Bobbink et al. 2010). Because our design
combined field manipulations of N (i.e., short-term
over one growing season) with a naturally-occurring
soil moisture gradient (i.e., long-term, consistent plant
exposure), responses to N may have been delayed (i.e.,
not observed over the duration of our study; Monaco
et al. 2003; Burkle and Irwin 2009), while responses to
soil moisture were evident. Alternatively, plants may
have responded to N additions by allocating resources
to below ground tissues (Magill et al. 1997), which
were not measured in this study.
Photosynthetic capacity, evaluated as the ratio of
variable chlorophyll fluorescence (Fv) to maximal
chlorophyll fluorescence (Fm), responded to N as
expected in three out of four species. N enhanced
photosynthetic capacity in E. speciosus and H. multiflora (both non-legumes) and had no effect on
Lupinus spp. (legume). In the one exception, N
additions increased L. leucanthus (legume) photosynthetic capacity on one measurement date, which

opposes our expectations of N limitation for N-fixing
species. Because drought stress can inhibit N fixation
in root nodules of legume species (Serraj et al. 1999),
shallow-rooted species like L. leucanthus may be more
prone to N limitation compared to deeper-rooted
legumes, possibly explaining the positive influence of
N additions on the photosynthetic capacity of L.
leucanthus. Indeed, Lupinus spp. (deep-rooted
legume) did not respond positively to soil moisture
or N additions. Additionally, competition for light
may mediate photosynthetic output in short-statured
species like L. leucanthus (Tilman 1987). Observed
responses to N additions suggest that N-fixing ability
may be an indicator of N limitation on photosynthesis.
If N limitation on photosynthetic capacity is an
important indicator of which species will benefit from
ongoing anthropogenic N deposition and which
species may lose their competitive edge (Suding
et al. 2005; Skogen et al. 2011), we expect N-fixing
species to be more prone to declines. However, other
factors, such as rooting depth and competition for light
may also be important in some cases (Suding et al.
2005).
We observed mixed evidence that transpiration
rates were influenced by soil moisture as expected
based on rooting depths. As predicted, the two deeperrooted species maintained their transpiration rates
across the soil moisture gradient. This suggests that
deeper-rooted species may be less susceptible to
drought (Schenk and Jackson 2002), potentially
because they can access soil moisture at soil depths
where moisture availability is greater and less variable. E. speciosus (shallow-rooted) transpiration rate
increased as soil moisture decreased on one measurement date and L. leucanthus (shallow-rooted) transpiration rate did not respond to soil moisture on either
date. The transpiration responses by E. speciosus and
L. leucanthus suggest that the mechanisms that
regulate transpiration rates may involve complex
responses to environmental conditions, such as
changes in plant-water relations that occur in response
to temperature over the course of the day (Johnson
et al. 2009). Indeed, temperature was the strongest
predictor of transpiration rates in three out of four
species in this study. The properties of the leaf
boundary layer, which can depend on temperature,
humidity, and CO2 concentration at the leaf surface,
may also regulate stomatal aperture and subsequent
water loss through stomata (Collatz et al. 1991). Thus,

we interpret the transpiration responses by the forbs in
this study with caution and acknowledge that soil
moisture limitations and soil moisture availability may
interact with other mechanisms to influence transpiration rates in plants.
We observed mixed evidence that maximum floral
displays were influenced by soil moisture and N as
expected based on rooting depths and N-fixing abilities. Maximum floral displays decreased as soil
moisture increased for H. multiflora control plants
and E. speciosus N-addition plants, as well as Lupinus
spp. and L. leucanthus across N-addition and control
plants. Floral display responses observed for H.
multiflora and Lupinus spp. (both deeper-rooted
species), suggest that tradeoffs in rooting depths may
reduce the competitive ability of deep-rooted species
when soil moisture is abundant and other soil nutrients
may be more limiting (Ho et al. 2005). Indeed, H.
multiflora floral display (deeper-rooted, non-legume)
was not affected by soil moisture when N was added,
suggesting that H. multiflora floral display may be
limited by N when soil moisture is abundant. Unexpectedly, E. speciosus (shallow-rooted, non-legume)
floral display decreased as soil moisture increased in
N-addition plants, while control plants were not
affected by soil moisture. One possible explanation
for this result is that E. speciosus may have allocated
moisture and N resources to growth at the expense of
floral display (Primack & Hall 1990). This is reasonable given soil moisture and N positively influenced E.
speciosus growth and photosynthetic capacity, respectively. In addition, the effect of N on E. speciosus
floral display may have been delayed beyond our study
period (Monaco et al. 2003; Burkle and Irwin 2009). A
negative response to soil moisture by L. leucanthus
(shallow-rooted), along with no evidence that L.
leucanthus was allocating soil moisture resources to
growth, suggests that soil moisture may not limit L.
leucanthus floral display as reported for other forbs
(Campbell and Halama 1993; Burkle and Irwin 2009;
but see Galen 1999). Alternatively, the unanticipated
responses by E. speciosus and L. leucanthus floral
displays may indicate that their floral displays are
limited by a soil nutrient that was not measured in the
study, such as phosphorous (Burkle & Irwin 2009). N
treatment did not affect floral displays in either legume
species, suggesting that floral displays of N-fixing
species are not limited by N (Suding et al. 2005;
Burkle and Irwin 2010; Skogen et al. 2011).

Despite previously reported evidence of co-limitation by N and soil moisture (Harpole et al. 2007; Reich
et al. 2014; Vourlitis et al. 2017) in grasslands, we did
not observe positive soil moisture 9 N interactions in
this study. Since we did not measure background
levels of N or other soil nutrients at our study site, it is
possible that co-limitation by soil nutrients other than
N and soil moisture (Harpole et al. 2011), or covariance between N and soil moisture (Burke et al. 1997)
explains why we did not observe positive soil moisture 9 N interactions. However, independent main
effects of soil moisture and N treatment on E.
speciosus growth and photosynthetic capacity suggest
that N and soil moisture both influence key biological
processes in this species, which constitutes evidence
of co-limitation by N and soil moisture in E. speciosus.
Here, we evaluated the influence of functional traits
on subalpine forb responses to soil moisture and N
availability. The majority of responses were consistent
with expected N and soil moisture limitations reflecting the rooting depths and N-fixing abilities of the
forbs in this study. Based on this evaluation, we
speculate that shallow-rooted forbs and forbs with
N-fixing abilities may be more prone to declines under
anthropogenic increases in drought severity and N
availability. However, mixed support for our hypotheses highlights that environmental conditions and
functional traits not evaluated by this study may be
important in determining subalpine forb responses to
soil moisture and N availability. We caution that
concentrated applications of N over one season (i.e., a
nutrient pulse) may not necessarily represent plant
responses to less concentrated, long-term inputs
occurring via anthropogenic deposition (i.e., a nutrient
press; Murphy et al. 2012). We also acknowledge that
plant responses to N treatments may not be evident in
one season and that interpreting responses to N
treatments conducted over a single season may not
reflect plant responses to long-term N enrichment
(Inouye and Tilman 1995). We urge future studies to
extend similar field manipulations across naturallyoccurring resource gradients over multiple years to
further discern short- and long-term patterns of plant
responses to increasing N availability (Arft et al. 1999;
Dunne et al. 2004). To help disentangle the influence
of functional traits on competition for limiting
resources, we stress the need for future research to
assess the effects of concurrent changes in multiple

resources and to measure multiple response variables
that reflect several plant functions.
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